Abstract. Proprotein convertases are serine endoproteases implicated in the proteolytic processing of a large variety of regulatory proteins. An important role of proprotein convertases in tumorigenic processes has been suggested by various studies. In this study, the role of the proprotein convertase furin in PLAG1 proto-oncogene-induced salivary gland tumorigenesis was investigated. PLAG1 overexpression in salivary glands has previously been shown to result in salivary gland tumors in 100% of mice within 5 weeks after birth. MMTV-cre-mediated inactivation of fur without overexpression of PLAG1 caused smaller but histologically normal salivary glands. Moreover, the lymph nodes close to the salivary glands were enlarged, and histology showed that they had activated follicles. When genetic ablation of 1 or 2 alleles of fur and overexpression of the PLAG1 transgene were simultaneously achieved, a significant delay in tumorigenesis was observed. Collectively, these results suggest an important role for furin in PLAG1-induced salivary gland tumorigenesis in mice.
Introduction
Proprotein convertases (PCs) are serine endoproteases implicated in the activation of a large variety of regulatory proteins by cleavage at basic motifs. An important role of PCs in tumorigenesis has been suggested by the fact that PCs are implicated in the proteolytic maturation and activation of growth factors and their receptors, adhesion molecules, metalloproteinases, and angiogenic factors (1) (2) (3) (4) (5) . Furin (the prototype PC) and the other PCs are frequently upregulated in tumor tissue (3) . Also, furin expression increases as the tumor behaves more agressively (6) . Therefore, PC expression might be a valuable prognostic factor. Recently, a greater understanding of the signaling pathway that regulates furin expression has uncovered a complex interplay between tumorigenesis enhancers transforming growth factor ß (TGF-ß) (through Smad and ERK), hypoxia-inducible factor 1 and furin (3) . A number of in vitro studies have indicated that cell growth, cell survival and cell invasion decreased when furin, and to some extent other PCs, were inhibited and increased when furin was overexpressed (7) (8) (9) (10) (11) (12) (13) . In rodents, it was shown that there was a delayed and lower incidence of tumorigenesis and reduced tumor size when PC inhibitors were transfected into rat Leydig tumor cells, (HN)SCC, HT-29 and astrocytoma cells (7) (8) (9) (10) (11) (12) , while there was an increased tumor size when furin was overexpressed (13) . Besides that, reduced tumor vascularization was reported when PCs were inhibited (9) . This suggests that PCs can function as a potential target for tumor therapy.
The general fur knockout mouse displays early embryonic lethality (the knockouts die between E10.5 and E11.5), due to failure of ventral closure and axial rotation (14) . This is probably caused by an impaired processing of signaling proteins responsible for ventral closure and embryonic turning, such as members of the TGF-ß family. Therefore, a conditional fur knockout mouse was made in our laboratory, where the essential exon 2 of fur is flanked by loxP sites by homologous recombination (15) . When these mice were crossed with MX-cre transgenic mice, a nearly complete ablation of fur in the liver of adult mice was found after a 10-day induction period with interferon (15) . In sharp contrast with the general fur knockouts, no obvious adverse effects were found in these mice. Analysis of candidate furin substrates in liver revealed a limited redundancy of furin: the insulin receptor was still completely processed and albumin, α5-integrin, lipoprotein receptor-related protein, vitronectin and α1-microglubulin/ bikunin were still processed to a variable degree.
The pleomorphic adenoma gene 1 (PLAG1 or P1 in brief) is the founding member of a subfamily of zinc finger transcription factors. PLAG1, located on human chromosome 8q12, is a proto-oncogene and encodes a developmentally regulated protein (16) . It is well established that PLAG1 overexpression is implicated in various human neoplasias, such as pleomorphic adenomas of the salivary glands (17) (18) (19) , lipoblastomas (20) (21) (22) , hepatoblastomas (23), uterine leiomyomas (17) , leiomyosarcomas (17) and acute myeloid leukaemia (24) .
When PLAG1 overexpression was targeted to the salivary glands of PLAG1 transgenic mice using the MMTV-cre system, pleomorphic adenoma occurred (25, 26) and mammary gland tumors resulted when PLAG1 was targeted to the mammary glands (25) . When PLAG1 overexpression was controlled by cre using the aP2-promoter, cavernous angiomatosis arose in PLAG1 transgenic mice (27) .
To study the impact of targeted PLAG1 overexpression in the salivary glands, two independent PLAG1 transgenic mouse strains, PTMS1 and PTMS2, in which the activation of PLAG1 overexpression can be mediated by the cre enzyme, were crossed with B6129-Tgn(MMTV-LTR/cre)1Mam transgenic mice (mouse mammary tumor virus-cre or MMTVcre or Mcre in brief) (28) , resulting in P1-Mcre and P2-Mcre double transgenic offspring, respectively (25) . One hundred percent of P1-Mcre mice developed salivary gland tumors ~5-6 weeks after birth. These tumors bore various hallmarks of human pleomorphic adenoma of the salivary glands. The histological features included epithelial structures in a myxoid stroma in which also myoepithelial cells were observed, squamous differentiation with keratin pearls, sebaceous differentiation and mitotic figures. In older P1-Mcre mice, features such as necrosis, haemorrhages and cellular polymorphism indicated malignancy, and lung metastases were also observed. In contrast, only 6% of P2-Mcre mice developed such tumors and only after several months. The lower tumor incidence in P2-Mcre mice as compared to P1-Mcre mice is most likely due to different genomic integration sites of the transgene.
In this study, we investigated whether furin plays a role in PLAG1-induced salivary gland tumorigenesis. We used a mouse compound double conditional transgenic knockout model, where MMTV-cre-mediated overexpression of PLAG1 was achieved, simultaneously with MMTV-cre-mediated complete or heterozygous inactivation of fur. Due to the low salivary gland tumor incidence in P2-Mcre mice, the furin impact study was only performed with P1-Mcre mice. Genotyping the mice by PCR analysis. Genotyping the mice for PLAG1 was conducted by PCR analysis on tail DNA using oligonucleotide primers POS-1599 (5'-TTCTCAAGCATCG TCATCAT-3') and ß-globin (5'-AAAATTCCAACACACT ATTGC-3') at an annealing temperature of 58˚C. PCR analysis was also used to genotype the mice for cre using the oligonucleotide primers cre-1 (5'-CCTGTTTTGCACGT TCACCG-3') and cre-3 (5'-ATGCTTCTGTCCGTTTG CCG-3') at an annealing temperature of 55˚C. To genotype the mice for fur, tail DNA was PCR analyzed with primer 1 (5'-GCTGTATTTATTCCGGAGAC-3'), primer 2 (5'-GTA GTTAGGAGCACATACTG-3') and primer 4 (5'-AATCT GTTCCCTGCTGAGGA-3'). Primers 1 and 2 were used to discriminate between the fur wt allele (product of 219 bp) and the fur flox allele (product of 311 bp), while primers 1 and 4 were used to identify the fur Δflox allele (product of 322 bp) at an annealing temperature of 58˚C, as described (15) .
Materials and methods

Targeted inactivation of the fur gene in MMTV-
RNA isolation from salivary glands and salivary gland tumors and cDNA preparation. Total RNA from salivary glands and salivary gland tumors was isolated using the NucleoSpin RNA L Kit of Macherey-Nagel. Total RNA (2.5 μg) was reverse transcribed using random hexamer primers and M-MLV reverse transcriptase from Invitrogen in a volume of 20 μl.
Quantitative real-time PCR (QRT-PCR) analysis.
QRT-PCR was performed with the MyIQ System (BioRad), in triplicate and using the comparative threshold cycle method. In all cases, 40 cycles of annealing/extension for 1 min at 60˚C were performed. QRT-PCR products were detected using SYBRGreen. QRT-PCR for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference to correct for sample quantity (forward primer, 5'-ATGGCCTTCCGTGTTCCT-3' and reverse primer, 5'-CAGGCGGCACGTCAGAT-3'). For the study presented here, gene-specific primers were designed for fur (forward, 5'-CAGAAGCATGGCTTCCAC AAC-3' and reverse, 5'-TGTCACTGCTCTGTGCCAGAA-3') and cre (forward, 5'-CCGTACACCAAAATTTGCCTG-3' and reverse, 5'-CCTCATCACTCGTTGCATCG-3').
Histopathology. For histopathology, salivary glands, salivary gland tumors and lymph nodes were removed carefully, fixed overnight in 4% formaldehyde and embedded in paraffin using routine procedures. Paraffin sections (5 μm) were stained with haematoxylin and eosin (H&E).
B-and T-cell isolation, RNA isolation and cDNA preparation from lymph nodes. CD4
+ cells were obtained from lymph nodes by positive selection using anti-CD4-coated magnetic beads (Dynal) according to the manufacturer's protocol. Beads were removed from the cells using Detachabead (Dynal) and a Dynal MPC-6 magnet (Dynal). Isolation of CD8 + and CD19 + cells was performed using the MACS CD8a + T-cell and B-cell Isolation Kits (Miltenyi Biotec), respectively. Lymph node cells were labeled with the appropriate negative selection biotin-antibody cocktail and then incubated with anti-biotin microbeads. Beads with unwanted labeled cells attached were removed using MS separation columns (Miltenyi Biotec). Cell purity was assessed by fluorescenceactivated cell sorting (FACS). Cells were stained with PerCplabeled anti-CD4, PE-labeled anti-CD8 and FITC-labeled anti-CD19 monoclonal antibodies (BD Pharmingen). The cells were analyzed on FACScalibur using CellQuest software (BD Biosciences). Total RNA from isolated CD4 + , CD8 + and CD19 + cells was prepared using the RNeasy Mini Kit and DNAse, as described by the manufacturer Qiagen. Total RNA (1 μg) was reverse transcribed using random hexamer primers and M-MLV reverse transcriptase from Invitrogen in a volume of 20 μl.
Immunohistochemistry. Immunostainings were conducted on 5-μm paraffin sections according to standard procedures. Briefly, after antigen retrieval in Tris/EDTA (10 mM, pH 9.0) for smooth muscle actin (SMA) or in citrate buffer (0.01 M, pH 6.0) for cytokeratin 8/18 (CK8/18), the mouse antihuman SMA antibody coupled to horseradish peroxidase (incubation 1 h, undiluted, EPOS clone1A4 from Dako) and the guinea pig anti-human CK8/18 antibody (incubation 30 min, 1:400, Progen) were used as primary antibodies. These are frequently used to stain myoepithelial and epithelial cells, respectively. For SMA, the antibody was visualized using 3,3'-diaminobenzidine (Dako real, code K5007). As a secondary reagent to detect CK8/18, a rabbit anti-guinea pig antibody (1:100, Dako) was used followed by the application of a tertiary swine anti-rabbit antibody coupled to horseradish peroxidase (1:100, Dako), and for visualization, 3,3'-diaminobenzidine was used. Efficiency of removal of exon 2 of fur in the salivary glands of conditional fur knockout mice using the MMTV-cre system, was determined by QRT-PCR (Fig. 1A) (Fig. 1B and C) . Therefore, the weight of the salivary glands of mice of all 4 genotypes was determined to investigate the impact of conditional inactivation of fur on the development of the salivary glands (Fig. 1D) mice revealed no apparent differences ( Fig. 2A and B) . mice that did get born (males and females) died within 5-12 weeks after birth. They generally appeared in poor health.
Results
Fur is efficiently inactivated in the salivary glands of
They developed coarse hair presumably due to impaired grooming (Fig. 3A) . The control Mcre --fur wt/flox littermates were in good health (Fig. 3B) (Fig. 1B and C, respectively) . Therefore, histological analysis of these cervical lymph nodes was performed. The lymph nodes of Mcre + -fur flox/Δflox mice contained activated B follicles, which were not observed in Mcre --fur wt/flox mice; Fig. 3C and D, respectively. Very large B follicles with a prominent The observed phenotype in the cervical lymph nodes of MMTV-cre transgenic conditional fur knockout mice is in accordance with the described MMTV-promoter-driven cre expression in B-and T-cells (28 mice in this background had a macroscopically visible salivary gland tumor at 9 weeks, and >90% at 7 weeks (n=14) (see below). The histology of the salivary glands, as far as could be assessed, was normal (Fig. 2C) , and none of the features characteristic of PLAG1-induced pleomorphic adenoma (25) was present. Neither were characteristics of PLAG1-induced early tumoral stages (25) observed .
The male P1 + -Mcre + -fur flox/Δflox mouse was sacrificed at 40 weeks after birth. This mouse had been in poor health throughout its entire life. Enlarged cervical lymph nodes with activated follicles were present (data not shown). No tumor in the ventral neck region could macroscopically be detected. Histological analysis however showed characteristics similar - ----------------------------------------------------- 
------------------------------------------------
to an early tumoral stage of the salivary glands of fur wildtype P1-Mcre mice (25) . These features included irregular, tubular structures, dilated ducts, some malformed acini-like structures, multilayered epithelium, loose myxoid stroma and mitotic figures (Fig. 4A and B) . Additionally, SMA and CK8/18 stainings of the P1 + -Mcre + -fur flox/Δflox salivary glands confirmed one of the characteristics of pleomorphic adenoma: the presence of both myoepithelial and epithelial cells (as illustrated in Fig. 4C and D, respectively) . 
Discussion
In this study, we examined MMTV-cre-mediated inactivation of fur, concomitant with overexpression of a PLAG1 protooncogene, in the salivary glands and other organs of genetically modified mice. Our study clearly shows that mice lacking 1 functional allele of fur develop PLAG1-induced salivary gland tumors significantly later than mice with 2 functional fur alleles. An even more striking effect was observed in 2 fur-deficient mice. The salivary gland branching morphogenesis in mice starts at E11 and continues until puberty. Many key molecules in epithelial-mesenchymal cell interactions, branching morphogenesis and organogenesis are involved in the development of the salivary glands, such as EGF, FGF and TGF-ß. Furin has been suggested to be important in the proteolytic activation of these growth factors (29) (30) (31) (32) , which might explain the smaller size of the salivary glands in the conditional fur knockout mice. On the other hand, the architecture of the salivary glands was not affected by fur deficiency. This might suggest some functional redundancy probably provided by other PCs, as has been shown previously in the liver (15 showed an activated profile; very large B follicles with a prominent germinal center were present. These mice probably had a hyperactive immune system.
Wagner et al described that when using the MMTV-cre system, cre is also expressed in the T-and B-cells (28) , which would mean that fur is knocked out in these immune cells. QRT-PCR still showed fairly high fur mRNA levels in these immune cells of Mcre + -fur flox/Δflox mice (11-23%), and this may be due to the fact that isolation was not 100% pure or that fur was not knocked out in all of the Th-, Tc-and B-cells.
Recently, a possible role for furin in the immunological response was described by Pesu et al (33) . They described that furin expression enhances interferon-γ (IFN-γ) secretion, whereas inhibition of furin interfered with IFN-γ production. Also, it was reported that TGF-ß plays an important role in the immune sytem (34) (35) (36) (37) and since furin is the most important PC that can activate TGF-ß by endoproteolytic cleavage (29, 32) , it might be possible that in the Mcre + fur flox/Δflox mice described here, TGF-ß processing was impaired and this could at least partially explain the immune phenotype of these mice.
Two (25) , this underrepresentation was most likely due to the mixed background caused by crossing with the fur-modified mice. These fur-modified mice have a mixed background. A similar partial embryonic lethality of P1 + -Mcre + mice was observed when crosses were made with igf2 p-/m-mice, which also have a mixed background (Declercq et al, unpublished results). Since general PLAG1 overexpression and also general fur knockout is embryonically lethal (14, 25) , it is possible that in the background of the crosses described in this study, cre expression was in some mice more widespread or started at an earlier stage. Therefore, it is possible that in some of these mice, PLAG1 was overexpressed and fur was knocked out in a more general pattern than in other mice. The MMTV-promoter system was described to drive expression in a very broad pattern (28) . Backcrossing to a homogeneous background is currently being performed, which might overcome the partial embryonic lethality. mice. At present, the molecular pathways involved in PLAG1-induced salivary gland tumorigenesis, are not fully elucidated. Nevertheless, there are some indications that IGF-2/IGF-1R signaling might play a role in PLAG1-induced salivary gland tumorigenesis. Indeed, insulin-like growth factor 2 (igf2), one of the direct target genes of PLAG1, is highly upregulated in PLAG1-induced salivary gland tumors (25, 39) . Furthermore, IGF-1R-negative cells cannot be transformed via transduction of DNA expressing high levels of PLAG1 (40) . Notably, IGF-2 and IGF-1R can both be cleaved by furin, at least in vitro (9, 41, 42) . Nevertheless it cannot be excluded that other furin substrates such as growth factors like TGF-ß, PDGF, or adhesion molecules like integrins or angiogenic factors like VEGF or (membrane-type) matrix metalloproteinases, which play an important role in tumorigenesis (5, 7, 29, 32, (43) (44) (45) , are involved. Further analysis of P1 + -Mcre + -fur flox/Δflox mice is necessary to further elucidate the molecular mechanisms that lead to the delay in tumor formation.
In conclusion, this study demonstrates that inactivation of fur considerably delays PLAG1-induced tumor development. Even heterozygous inactivation of fur is sufficient to significantly delay tumor onset, establishing the importance of furin in this process. However, the tumor still develops, suggesting a functional redundancy probably provided by other PCs. This study implies that furin could be a valuable therapeutic target to affect PLAG1-induced tumor development.
